NASA STI Program . . . in Profile
Since its founding, NASA has been dedicated to the advancement of aeronautics and space science. The NASA Scientific and Technical Information (STI) program plays a key part in helping NASA maintain this important role.
The NASA STI Program operates under the auspices of the Agency Chief Information Officer. It collects, organizes, provides for archiving, and disseminates NASA's STI. The NASA STI program provides access to the NASA Aeronautics and Space Database and its public interface, the NASA Technical Reports Server, thus providing one of the largest collections of aeronautical and space science STI in the world. Results are published in both non-NASA channels and by NASA in the NASA STI Report Series, which includes the following report types:
• TECHNICAL PUBLICATION. Reports of completed research or a major significant phase of research that present the results of NASA programs and include extensive data or theoretical analysis. Includes compilations of significant scientific and technical data and information deemed to be of continuing reference value. NASA counterpart of peer-reviewed formal professional papers but has less stringent limitations on manuscript length and extent of graphic presentations.
• TECHNICAL MEMORANDUM. Scientific and technical findings that are preliminary or of specialized interest, e.g., quick release reports, working papers, and bibliographies that contain minimal annotation. Does not contain extensive analysis.
• CONTRACTOR REPORT. Scientific and technical findings by NASA-sponsored contractors and grantees.
• CONFERENCE PUBLICATION. Collected papers from scientific and technical conferences, symposia, seminars, or other meetings sponsored or cosponsored by NASA.
• SPECIAL PUBLICATION. Scientific, technical, or historical information from NASA programs, projects, and missions, often concerned with subjects having substantial public interest.
• TECHNICAL TRANSLATION. Englishlanguage translations of foreign scientific and technical material pertinent to NASA's mission.
Specialized services also include creating custom thesauri, building customized databases, organizing and publishing research results.
For more information about the NASA STI program, see the following: 1 and 2 ). The SRG 110 is expected to have a system efficiency of about 22 percent and a specific power of about 4 W e /kg. The high SRG 110 efficiency would reduce the amount of required radioisotope by a factor of four or more compared to currently-used Radioisotope Thermoelectric Generators. In addition, projections for advanced technology development have been established for future Stirling radioisotope power systems. These goals include achieving 8 to 10+ W e /kg specific power and 30 to 35 percent system efficiency.
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To help achieve these goals, a multi-dimensional Computational Fluid Dynamics (CFD) code is being developed to numerically model unsteady fluid flow and heat transfer phenomena of the oscillating working gas inside the Stirling cycle (ref.
3). The commercial codes being used, CFD-ACE and Fluent, provide a macroscopic porous-media model (includes linear and nonlinear terms for pressure drop as a function of velocity) where permeability, inertial coefficient, and porosity are required input parameters. Transient pressure drop data is not commonly available between the compression-space and expansion-space of the Technology Demonstration Convertor (TDC). In the absence of pressure drop measurements for oscillating flow conditions, unidirectional flow test data has been used to compare against CFD solutions for simulations of unidirectional flow through the test assembly (includes test fixture and heater head). By assuming quasi-steady flow (refs. 8 and 10) , the unidirectional flow test data was used to calculate the porous-media input parameters (permeability and inertial coefficient) for use in the oscillating flow CFD simulations. This effort involved reducing the unidirectional flow test data, calculating permeability and inertial coefficient, and validating CFD models using the calculated porous-media input parameters.
II. Unidirectional Flow Testing
Since the first version of the TDC was delivered to GRC, improvements have been made to the overall design. There is interest in understanding how those changes, particularly in the heat exchanger (HX) circuit, affect pressure drop between the expansion-space and compression-space of the Stirling engine. The HX circuit includes the heater, regenerator, and cooler, but the main interest is the pressure drop across the regenerator. The regenerator accounts for approximately 95 percent of the pressure drop across the TDC HX circuit according to Sage TDC simulations for oscillating helium (ref. 5) , and approximately 90 percent of the pressure drop across the TDC HX circuit according to Sage TDC simulations for oscillating air at a reference operating point where the operating frequency is 80 Hz, heater temperature is 650 °C, cooler temperature is 80 °C, and mean operating pressure is 25 bar. The purpose of this test was to measure pressure drop across the HX circuit of a TDC heater head as a function of unidirectional mass flow rate. Unidirectional air flow was introduced to a TDC heater head and mass flow rate, local pressure, and local temperature were measured at opposite ends of the HX circuit.
A. Test Fixture Design
A proposed flow test fixture design was simulated with a 2D axisymmetric CFD model ( fig. 1, right) for flow into the off-center test fixture port and reversed flow into the center port. Figure 1 (left) shows a 3D computer aided drafting (CAD) model and the corresponding CFD simulation with velocity gradients shown. According to the 2D axisymmetric results for the proposed geometry and initial inlet flow rate, the velocity profile did not fully develop for flow through the approach annulus. Flow in the reverse direction did not result in any undesirable flow gradients. Based on the CFD simulation results, the flow fixture design was revised. The design revision included an adjustment to the entrance geometry, an adjustment to the approach annulus radial location, and the addition of a flow distribution screen near the heater head interface. A 3D truncated domain of the entrance region near the offcenter port was simulated to confirm improved velocity distribution as seen in appendix figure A-3 (left) . The fabricated test fixture and attached heater head can be seen in figure 2. 
B. Unidirectional Flow Test Conditions and Results
The purpose of the unidirectional flow test was to characterize TDC heater head pressure drop as a function of mass flow rate. Pressure drop across the TDC heat exchanger circuit was estimated using Sage 1D oscillating flow simulation for air oscillating at the reference operating point. The resulting 41 kPa pressure drop across the HX circuit was used as the test target pressure drop. This pressure drop corresponds to a range of regenerator Reynolds numbers (0 to 100) commonly observed in 1D and 3D oscillating flow computational solutions at the reference operating point. The GRC Flow Calibration Laboratory (FCL) facility gas supply and sonic nozzle were originally sized from estimated mass flow rates derived from the 1D oscillating flow simulations. Preliminary testing included a flow bench capacity test. The mass flow rate reached a maximum capacity corresponding to a pressure drop across the HX circuit equal to 36 kPa, which was accepted as a maximum pressure drop for the test. A leak check was performed by applying 34.5 kPa to the closed test section. The test conditions for each of the two flow directions are summarized in table I. Air was introduced in increasing mass flow rates while pressure and temperature were measured upstream and downstream. For both flow directions, the mass flow rate was increased over 10 increments, then decreased over approximately the same 10 increments. The test section includes the TDC HX circuit (including the heater, regenerator, and cooler). 
C. Permeability and Inertial Coefficient
The porous medium permeability and inertial coefficient are needed for the ongoing Stirling CFD modeling effort. The commercial codes being used, CFD-ACE and Fluent, provide a macroscopic porous-media model (includes linear and nonlinear terms for pressure drop as a function of velocity) where permeability, inertial coefficient, and porosity are required input parameters. By assuming quasi-steady flow (refs. 8 and 10), the unidirectional flow test data was used to calculate the porous-media input parameters for use in current Stirling engine CFD simulations. The data presented in the previous section were reduced to calculate the porous-media input parameters using a method derived by Tew (ref. 4) . In this derivation, Darcy's Equation, equation (1), expresses the pressure gradient as a function of the square of the flow field velocity.
The hydraulic diameter, equation (2), for a porous medium is defined as a function of wire diameter and void volume.
Rearranging equation (1) gives the Darcy Friction Factor, equation (3), which is proportional to the pressure drop as the flow field velocity varies.
The Darcy-Forchheimer Equation, equation (4), represents pressure drop through a porous medium as a function of operating state, system mass flow rate, and porous-media physical constants; permeability and inertial coefficient.
The three-parameter modified-Ergun equation, equation (5), was employed by Gedeon and Wood as a regression function used to fit the Darcy friction factor calculated from oscillating flow data (ref. 6).
In this derivation, the Darcy Friction Factor is approximately equal to the modified-Ergun equation. The regression function f D is substituted into equation (1) and (4) which can be seen in equation (9).
The Reynolds number for bulk fluid flow through the porous medium can be seen in equation (7).
The effective area of the porous medium, equation (8) is a function of the approach area and the void volume.
Tew used previous definitions to derive the porous-media permeability and inertial coefficient. By equating equation (1) and (4) and substituting the regression function (f D ) for the Darcy friction factor (C D ), equation (9) can be separated into two parts. 
This derivation enables the grouped terms to be solved separately for permeability, equation (10) , and the inertial coefficient, equation (11) . Figure 4 shows a stacked screen regenerator test section used in unidirectional and oscillating flow testing at the University of Minnesota (UMN) where heat transfer data is collected. The test section was designed for dynamic similarity with flow through a reference engine regenerator (refs. 8 to 10). Permeability and inertial coefficient, shown in table II, have been calculated using the three-parameter modified-Ergun equation based on data from the UMN large-scale stacked screen test section, the Sunpower oscillating flow test rig developed under SBIR NAS3-24396, and the GRC TDC heater head unidirectional flow test fixture (refs. 4 and 6). The shaded values have been investigated and are discussed later in this paper. 
D. Data Reduction
There are three heat exchangers present in the TDC heater head HX circuit (heater, regenerator, and cooler). The unidirectional flow test data represents pressure drop across the entire HX circuit (includes minor losses due to abrupt area changes in that HX circuit) whereas the porous-media model input parameters, permeability and inertial coefficient, are applied to only the CFD model regenerator volume. Sage and CFD simulations were used to estimate what percentage of the total pressure drop was contributed by the regenerator in order to calculate a pressure drop factor to be applied to the test data, seen in equation (12) and (13), before the Darcy friction factor was calculated. 
The pressure drop factor decreases the measured pressure drop test data by the estimated fraction of regenerator pressure drop to HX circuit pressure drop. The CFD pressure drop factor was not used in the study because it was very close (within 2.5 percent) of the test data whereas the Sage pressure drop factor was applied to the measured pressure drop to explore a significant difference from the test data. Figure 5 shows a comparison between the Darcy friction factor regression function based on oscillating flow test data (Gedeon and Wood), 100 percent of the measured pressure drop from unidirectional flow test data, and 90.2 percent of the measured pressure drop from unidirectional flow test data. Permeability and inertial coefficient were calculated from all three regression functions. All three sets of permeability and inertial coefficient were used in simulations discussed in the domain selection study and mesh independence study. As previously mentioned, Sage and CFD simulations were used to estimate what percentage of the total pressure drop was contributed by the regenerator. CFD simulation results for unidirectional air flow through the TDC heater head (containing annular HX fins, 2D approximation of 3D geometry) for a physical state equal to maximum pressure drop data point, seen in figure 3, resulted in approximately 35,766 Pa. Similarly, Sage simulation results for air oscillating in the TDC at the reference operating point resulted in a maximum pressure drop across the regenerator of approximately 37,000 Pa. The likely causes for the considerable difference in CFD results when compared to Sage results are: (a) that Sage calculates approximate pressure-drop/rise end effects using standard steady-flow expressions and CFD-ACE calculates pressure-drop/rise end effects using the full Navier Stokes equations for discretized domains and (b) the Sage simulated reference operating point mean pressure of 25 bar and the CFD simulated reference pressure of 1 bar differ by a factor of 25.
III. Computational Modeling and Analysis
The purpose of the modeling effort was to track unidirectional flow test data in order to validate the derived permeability and inertial coefficient for use in the CFD simulations of unidirectional flow through the TDC heater head. Recall that the permeability and inertial coefficient are used as input parameters in the commercial CFD code porous-media model. The ongoing Stirling simulation effort stands to benefit from improved estimates of these coefficients. The quasi-steady flow assumption suggests that coefficients derived from unidirectional flow test data can be used in oscillating flow simulations. This assumption is based on the low Reynolds numbers found in regenerator flow. The unidirectional flow modeling effort consists of domain selection study, mesh independence study, and data tracking study.
A. Physical Models
Three domains were investigated simultaneously in order to select the most economical model able to produce reasonable results. Figures 6, 7 , and 8 show three solution domains used for the domain selection. All models use 2D approximations for annular fin HXs based on the actual HX geometry. These 2D approximations minimize the approximation difference for hydraulic diameter, flow volume, and wetted surface when compared to the actual geometry. The 3D model was run in parallel on 4 processors to reduce simulation run time. Axial and circumferential velocity distribution can be seen in appendix figure A-3 (right) where velocity magnitude gradients suggest there is a non-uniform circumferential velocity distribution in the throttle.
B. Flow Assumptions, Boundary Conditions, and Convergence
The simulation results are dependent on the accuracy of the geometric representation of the test section, the boundary conditions, flow assumptions, and the corresponding closure given to those assumptions (SIMPLE pressurevelocity coupled in this case) (ref. 7) . The flow assumptions and boundary conditions used to define the simulations are (a) no heat transfer (adiabatic at all non-flow external boundaries), (b) laminar flow, (c) constant density, constant viscosity, (d) constant porous-media physical properties, (e) thermal capacity in walls neglected, (f) downstream boundary conditions at constant pressure, and (g) upstream boundary conditions at constant velocity. The simulation convergence criteria was set by the analyst to <1 percent of the system mass flow rate which was calculated taking the difference of the simulated inlet and outlet mass flow rate (per radian for axisymmetric models). It follows that adequate convergence at maximum flow rates for axisymmetric models was achieved at <1.0E-07 kg/s/rad. Likewise, adequate convergence at maximum flow rates for 3D models was achieved at <4.6E-05 kg/s. 
C. Domain Selection Study
Simulations were performed to rate simulation run time and results accuracy based on a preliminary mesh for each domain. The results from the domain selection study based on preliminary meshes are shown in table III, where the description of the domain, corresponding mesh cell count, porous-media models input parameters, data point simulated, and results accuracy can be seen. The accuracy of the results did vary depending on the porous-media model input parameters used in the simulations. Figure 9 (left) shows that the highest accuracy was achieved by using the permeability and inertial coefficient derived from unidirectional flow data (K = 3.13E-10, Cf = 0.124). Definition of percent difference is shown in equation (14). Also, it can be seen that the more expensive models produced more accurate results. The trade off of accuracy for decreased simulation time encouraged the decision to choose Model 3 for the mesh independence study and subsequent data tracking effort. 
D. Mesh Independence Study
Simulations were performed to rate mesh sensitivity to flow physics based on a range of mesh cell counts for Model 3 in figure 8 . The results from the mesh independence study are shown in table IV, where the description of the relative mesh cell count, porous-media models input parameters, data point simulated, and results accuracy can be seen. The minimum and maximum flow rates for each flow direction were simulated while the porous-media model input parameters were held constant.
The variation in the results as a function of mesh cell count was slight (<2 percent), varying more at lower flow rates. This indicated that the simulation results were nearly independent for all mesh cell counts. Mesh 3.0 was selected for the data tracking effort in order to minimize simulation run time with little difference in accuracy. Although Mesh 3.2 had a 20 percent lower mesh cell count compared to Mesh 3.0, it took longer to converge due to the need to under-relax the momentum equation to avoid divergence. figure 3 .
Recall figure 5 which shows a comparison between Darcy friction factor regression functions for 90 and 100 percent of the measured pressure drop from unidirectional flow test data. Porous-media input parameters were calculated using the regression functions and are shown in table II, columns 5 and 6. To investigate which set of porous-media input parameters increased the accuracy of the simulations, Mesh 3.1 was simulated using both sets of porous-media input parameters for the minimum and maximum pressure drop data points of flow direction 2 only. Simulation results using the porous-media input parameters calculated from 100 percent of the measured pressure drop from unidirectional flow test data were 7 percent more accurate on average when compared to simulation results using the porous-media input parameters calculated from the 90.2 percent of the measured pressure drop from unidirectional flow test data. The data points for each of the above mentioned simulations can be seen in table IV. Model 3 was rated best based on simulation run time and results accuracy criteria. Mesh 3.0 was rated best based on mesh sensitivity to flow physics criteria. The porous-media input parameters derived from 100 percent of the measured pressure drop from unidirectional flow test data were rated best based on results accuracy criteria. Figure 10 shows the mesh selected for the data tracking effort. The mesh is a structured hexagonal grid where fine grids were used near walls to capture boundary layer flows. Smooth grid transition was ensured to avoid possible large gradients in areas where small length and time scale physical solutions occur.
E. Data Tracking
The data tracking study was conducted using the optimized mesh and porous-media input parameters (permeability and inertial coefficient) which were identified in the mesh independence study. The first 10 data points for both flow directions, shown in figure 3 , were simulated. Figure 11 shows the comparison between CFD and data results of pressure drop for first 10 data points of flow direction 1 (left) and pressure drop for first 10 data points of flow direction 2 (right). The CFD solutions, when compared to the test data, were within 6 percent agreement on average (averaged over percent difference for all simulated data points in data tracking study). The derived constants increased accuracy by 14 percent on average when compared to the same simulations using porousmedia input parameters calculated from oscillating flow test data. 
IV. Concluding Remarks
This effort involved reducing TDC heater head unidirectional flow test data, calculating permeability and inertial coefficient, and validating CFD models using the calculated porous-media input parameters. Based on the initial CFD simulation results, the flow test fixture design was revised to include an adjustment to the entrance geometry, an adjustment to the approach annulus radial location, and the addition of a flow distribution screen near the heater head interface. Unidirectional flow testing was completed for air flow through a TDC heater head at NASA. The Darcy-Forchheimer coefficients (permeability and inertial coefficient) were derived from unidirectional flow test data.
CFD models were used to simulate the test section and test conditions. The CFD solutions, when compared to the test data, were within 6 percent agreement on average (averaged over percent difference for all simulated data points). The derived constants increased accuracy by 14 percent on average for CFD predictions of unidirectional laminar flow through the TDC heater head.
The results suggest the permeability and inertial coefficient derived from unidirectional flow data (K = 3.13E-10, Cf = 0.124), corresponding to 100 percent data regression function seen in figure 5 , are more appropriate for use in this physical domain. This assumption is limited to the range of regenerator Reynolds numbers explored in this study (17<Re<86). Gaining confidence in the porous-media input parameters for unidirectional flow simulations instills a high level of confidence for use of said coefficients in multi-D Stirling simulations where quasi-steady flow is assumed for regenerator flows. Residuals (% of Y) [8] Figure A-3.-3D CFD Models. 3D truncated domain of the entrance region near the off-center port was simulated to confirm improved velocity distribution after geometry revisions were made to test fixture geometry (left) and flow distribution of Model 1 simulated in the Domain Selection section was used to investigate axial and circumferential velocity distribution of the test fixture (right). 
